We present a comprehensive photometric analysis of a young open cluster NGC 1960 (= M36) along with the long-term variability study of this cluster. Based on the kinematic data of Gaia DR2, the membership probabilities of 3871 stars are ascertained in the cluster field among which 262 stars are found to be cluster members. Considering the kinematic and trigonometric measurements of the cluster members, we estimate a mean cluster parallax of 0.86±0.05 mas and mean proper motions of µ RA = -0.143±0.008 mas yr −1 , µ Dec = -3.395±0.008 mas yr −1 . We obtain basic parameters of the cluster such as E(B − V) = 0.24±0.02 mag, log(Age/yr)=7.44±0.02, and d = 1.17±0.06 kpc. The mass function slope in the cluster for the stars in the mass range of 0.72-7.32 M ⊙ is found to be γ = -1.26±0.19. We find that mass segregation is still taking place in the cluster which is yet to be dynamically relaxed. This work also presents first high-precision variability survey in the central 13 ′ × 13 ′ region of the cluster. The V band photometric data accumulated on 43 nights over a period of more than 3 years reveals 76 variable stars among which 72 are periodic variables. Among them, 59 are short-period (P < 1 day)and 13 are long-period (P > 1 day). The variable stars have V magnitudes ranging between 9.1 to 19.4 mag and periods between 41 minutes to 10.74 days. On the basis of their locations in the H-R diagram, periods and characteristic light curves, the 20 periodic variables belong to the cluster. We classified them as 2 δ-Scuti, 3 γ-Dor, 2 slowly pulsating B stars, 5 rotational variables, 2 non-pulsating B stars and 6 as miscellaneous variables.
INTRODUCTION
Star clusters are important building blocks of the galaxies and it is widely believed that majority of stars in our Galaxy are formed in the star clusters. Hence study of Galactic open clusters is important for understanding the history of star formation and nature of the parent star clusters. The parameters such as age, distance, reddening, and metallicity in addition to stellar models are key to understand star formation history while luminosity and mass functions are important quantities to know their dynamical evolution (Sagar et al. 1986; Lada & Lada 2003) . The observations of large number of open clusters having different ages, locations, and environments in the Galaxy have been used to probe the Galactic structure (Carraro et al. 1998; Chen et al. 2003; Joshi 2005; Piskunov et al. 2006; Joshi 2007; Piatti et al. 2019) . While the photometric and kinematic studies of young open clusters provide clues to the star formation processes (Kuhn et al. 2019) , old open clusters ⋆ E-mail: yogesh@aries.res.in furnish details about the past history of the Galaxy (Phelps & Janes 1994; Joshi et al. 2016 ). These information contribute to constrain the Galaxy formation models and chemodynamical properties of the Galactic disk (Frinchaboy & Majewski 2008; Sahijpal & Kaur 2018; Siegel et al. 2019) .
Since most of the open clusters are primarily affected by the field star contamination, the knowledge of membership of the stars in the cluster field is absolutely necessary to investigate the cluster properties. However, this is not the case for majority of the open clusters (e.g., Dias et al. 2002; Carraro et al. 2008; Kharchenko et al. 2013; Joshi et al. 2016) . Therefore, a longterm observational program is being carried out at ARIES, Nainital to better characterize some poorly studied clusters, particularly young and intermediate age open clusters [log(t/yr)<9], and determine their basic astrophysical parameters (Joshi et al. 2012 (Joshi et al. , 2014 . Higher priority has been given to those open clusters for which no variability study has been carried out until now so that we can also characterize variable stars in these clusters. In this paper, we aim to determine physical parameters of one relac 2019 The Authors tively young open cluster NGC 1960 located in the Galactic anticenter direction, using the ground based optical observations supported by the archival data. Some basic parameters of the cluster are summarized in Table 1 . This cluster has been investigated in the past in optical as well as in near-IR wavebands.
The photoelectric and photographic studies of this cluster were done by Johnson & Morgan (1953) , Barkhatova et al. (1985) , and Mermilliod (1987) . The proper motion study of this cluster was carried out by Sanner et al. (2000) . The photometric study of this cluster has been performed by Sanner et al. (2000) ; Nilakshi et al. (2002) ; Kharchenko et al. (2005) ; Sharma et al. (2006) ; Wu et al. (2009) . The near-IR photometric study of bright stars of this cluster was carried out by Hasan et al. (2008) . Sharma et al. (2008) studied the mass function and effect of photometric binaries in the cluster. Using Lithium depletion boundary technique, Jeffries et al. (2013) determined the age of this cluster. In spite of all these studies, many stars in the field of NGC 1960 still lack membership confirmation that lends larger uncertainties in the estimation of cluster parameters. Recently, with the availability of the Gaia catalog (Gaia Collaboration et al. 2018) having unprecedented astrometric precision, the membership determination based on kinematic method becomes a reliable tool to identify the cluster members (e.g., Cantat-Gaudin et al. 2018) .
Stars in the open clusters show different kinds of variability at various stages of their evolution with varying brightness and time scales. The photometric variability are believed to be originated through several physical mechanism like stellar pulsation, rotation of star with an inhomogeneous distribution of cool spots, variable hot spots, obscuration by circumstellar disk, eclipsing of star, and eruption (e.g., Herbst et al. 1994; Joshi et al. 2012) . The search for variables in the open clusters is extremely important as it presents an opportunity to explore the stellar interiors. It also provides opportunity to verify stellar evolution theory and offer constraints for understanding the structure and the evolution of the Galaxy (Dias et al. 2002; Piskunov et al. 2006 ). The study of variable stars in large number of open clusters have been carried out in the past; some of the recent work can be found in Zejda et al. (2012) ; Balona et al. (2013) ; Venuti et al. (2015) ; Dar et al. (2018) ; Lata et al. (2019) ; Michalska (2019) where large number of δ-Scuti stars, γ Doradus variables, slow pulsating B stars and other kind of variable stars are reported. However, cluster NGC 1960 has not been studied for variability aspect so far. As we have initiated a long-term project for the survey of variable stars in some young and intermediate age open clusters in the Galaxy in addition to accomplish their photometric study, an extensive time-series CCD observations have been carried out in the direction of the cluster NGC 1960. Since we observed the cluster for many intra-night as well as inter-night monitoring spanning over more than three years, we probe the cluster for both short-period as well as long-period variable stars.
A detailed analysis of our photometric, kinematic and variability studies of the cluster NGC 1960 is presented here. This paper is organized as follows: The observational and reduction techniques are presented in Sect. 2. The data used in the present study is described in Sect. 3. The kinematic study of stars in the cluster is described in Sect. 4. The basic parameters such as age, distance and reddening are derived in Sect. 5. The dynamical study of the cluster is presented in Sect. 6. A detailed study of the variable stars is given in Sect. 7 followed by their characterizations in Sect. 8. We discuss and summarize our results in Sect. 9
OBSERVATIONS AND DATA REDUCTION
The observations have been carried out with the 104-cm Sampurnanand Telescope (ST) at Manora Peak, Nainital. The ST is equipped with a 2k×2k CCD camera having a field of view of ∼ 13 ′ × 13 ′ and the pixel scale of 0.758 arcsec pixel −1 in 2 × 2 pixel binning mode. The gain of the CCD is 5.3 e − /ADU and read out noise is 10.0 e − . Further details of telescope and detector can be found in Joshi et al. (2005) . The bias and flat-field frames were taken on each observing night. To carry out the variability study, we monitored NGC 1960 in V band on 43 nights during the period of 2009-2013 spread over four observing seasons where we have accumulated a total of 235 frames. The exposure times range from 10 to 200 seconds depending upon the position of the target field in the sky at the time of observation, photometric sky condition, and telescope time availability. The mean PSF FWHM vary from 1.56 to 3.9 arcsec over the entire monitoring period. An observing log is given in Table 2 . The basic steps of image processing, which include bias subtraction, flat field correction, and cosmic hits removal, were performed using the standard tasks within the IRAF software. Photometry of the frames were performed using the standard DAOPHOT II profile fitting software (Stetson 1992) . To search for variable stars in the target field, absolute photometry was performed which is a meaningful tool to determine stellar parameters for the cluster members like their spectral type and stellar position in the H-R diagram. To do absolute photometry, we converted instrumental magnitudes of the stars on each night to the standard magnitudes by using the secondary standards obtained on the night of 2010, November 30 as explained in the following section.
DATA SOURCES

Nainital data
To carry out detailed photometric study of the cluster NGC 1960, we obtained Johnson-Cousins U BVRI photometry of stars on 2010, November 30 using ST at Nainital. We acquired two frames each in U, B, V, R and I filters with exposure times of 300, 300, 200, 100, and 60-sec, respectively. Frames were taken when NGC 1960 was close to zenith. We also observed two Landolt's standard fields: SA95 and PG0231+051 (Landolt 1992) at different airmasses on the same night. Science frames were combined together in each filter to obtain high signal-to-noise ratio (SNR) in respective filters which allowed us to obtain deeper photometries. The details of the photometric calibration along with estimation of extinction and colour coefficients are given in Joshi et al. (2012 Joshi et al. ( , 2014 ) so we do not repeat it here. The photometric analysis of our data yields a total of 1970 stars within ∼ 13 ′ × 13 ′ central field of the cluster Table 3 . This shows that photometric errors are relatively small (< 0.1 mag) for stars brighter than V ≈ 20 mag though larger photometric errors are seen in the U and I bands.
Archival data
Along with our U BVRI photometric catalogue, we also used many other catalogues where photometric and kinematic data were available for the cluster. To do a comprehensive study of NGC 1960, we combined all these data along with our own data to prepare a final catalogue. Nilakshi et al. 2002) . To complement our data, particularly in the outer region of the cluster, we combined our photometric data with the SHA06 who provided U BVRI photometric catalogue in the wide field of view (∼ 50 ′ × 50 ′ ) observed through the 105-cm Kiso Schmidt telescope, although present photometry is deeper in comparison of SHA06.
Since we have taken large number of stars from SHA06, we consider their estimated cluster radius of 14 ′ and combined catalogue is confined to this radius only. As NGC 1960 is a relatively nearby and younger cluster hence some of the most bright stars in the cluster field got saturated in our CCD observations as well as in SHA06. Furthermore, some stars fell into the bad CCD pixels which were rejected during the image analysis. Therefore, we acquired magnitudes of 12 such bright stars from the previous catalogues of Mermilliod (1987) ; Høg et al. (2000) ; Jeffries et al. (2013) . In this way we made a combined catalogue of 3962 stars for which photometric data has been compiled.
2MASS near-IR data
We used archival near-IR photometric data from the Two Micron All-Sky Survey [2MAS S ] (Skrutskie et al. 2006 ) which provides photometry in the J (1.25 µm), H (1.65 µm), and K s (2.17 µm) filters. The data has limiting magnitude of 15.8, 15.1, and 14.3 mag in J, H, and K s bands, respectively, having a signal-to-noise ratio greater than 10. Our optical data was cross-correlated with the 2MASS photometric catalogue and found 3142 common stars within 1 ′′ matching radius for which we could extract J, H, and K s magnitudes. To ensure the photometric accuracy, we used only those stars having J, H, and K s magnitudes that have quality flag ph-qual=AAA, which represents a SNR≥10 and photometric uncertainty <0.10 mag. The K s magnitudes were converted into K magnitudes using equations given in the Carpenter (2001).
Gaia proper motion data
We took data from the Gaia archive DR2 for the proper motion studies (Gaia Collaboration et al. 2018 ). The Gaia mission, which launched in 2013 to measure positions, trigonometric parallaxes, proper motions, and photometry of million of stars, provides mean parallax error up to 0.04 mas for sources having G ≤ 15 mag and around 0.7 mas for sources having G = 20 mag. The DR2 provides proper motions of more than 1.3 billions sources with uncertainties up to 0.06 mas yr −1 for the sources having G ≤ 15 mag, 0.2 mas yr −1 for G = 17 mag, and 1.2 mas yr −1 for sources up to G = 20 mag. In the present analysis, we found 3871 common stars between our catalogue and Gaia DR2 catalogue within 1 ′′ matching radius for which we could extract the proper motions and parallax data.
Final catalogue
The final photometric catalogue contains 3962 stars which comprises our U BVRI data combined with the wide field photometry given by Sharma et al. (2006) and 2MASS near-IR data (Skrutskie et al. 2006) . Here, we note that all the magnitudes are neither available for all the stars nor in all the passbands. To convert the pixel coordinates (X,Y) into celestial coordinates (α 2000 , δ 2000 ), a linear astrometric solution was derived by matching common bright stars between our V band frame and the Gaia DR2 catalogue. We achieved a radial RMS scatter in the residuals of ∼ 0 ′′ .6, which is equivalent to ∼ 0.8 pixel. A sample of final catalogue is given in Table 4 . The entire catalogue is available online that contains star ID, celestial coordinates, photometric magnitudes in U, B, V, R, I bands; 2MASS J, H, and K magnitudes; the Gaia parallax (ω) and proper motions (µ x , µ y ). Each value is given with its associated error for all the stars. The final catalogue contains stars down to B = 21.9 and V = 21.4 mag though photometric errors become large (≥ 0.1) mag) for stars fainter than 20 mag.
MEMBERSHIP DETERMINATION
The basic parameters for the cluster NGC 1960 have been derived by several authors (e.g., Sanner et al. 2000; Nilakshi et al. 2002; Sharma et al. 2006; Wu et al. 2009 ). However, most of these authors used all the stars present in the observed field of the cluster region to determine their cluster parameters. Since not all the stars present in the region are associated with the cluster hence their parameter estimations render larger uncertainties. Therefore, in the present study, we first identified cluster members through Gaia DR2 astrometric and kinematic measurements.
Membership probabilities
In previous years many methods were used for the membership determination of stars in the star clusters based on the photometric and kinematic data (Yadav et al. 2013; Dias et al. 2014; Joshi et al. 2014; Sampedro et al. 2017; Topasna et al. 2018 ). However, availability of the astrometric data from the Gaia survey with the unprecedented accuracy has made the kinematic method of membership determination most reliable. In the present study we use proper motions from the Gaia DR2 to obtain the membership probabilities of 3962 stars found within the cluster radius. We found 3866 stars that have proper motions available in the present catalogue. Proper motions for these stars in the RA-DEC plane are plotted as Vectorpoint diagram (VPD) in Figure 1 . It is evident in the VPD that the cluster stars are well separated from the field stars. The center of the circular region confining the probable cluster members was determined by maximum density method in the proper motion plane which is found to lie at (µ x , µ y ) ≡ (µ α cosθ, µ δ ) ≈ (−0.13, −3.37) mas yr −1 . The radius of the circle was derived by plotting the stellar density as a function of radial distance in the proper motion plane as illustrated in Figure 2 . We fit the stellar density profile with a function similar to the one used to characterize the radial profiles of star clusters in the galaxies. In Figure 2 , we draw horizontal dashed line to show stellar field density. In the radial density distribution, we put a cut-off where stellar density falls close to the field density which is found to be ∼ 0.7 mas yr −1 and shown by vertical dashed line in the figure. In this way, the radius of the circle is determined as 0.7 mas yr −1 and shown by a blue circle in Figure 1 . We thus obtained a total 462 stars within the circular region which could be the potential cluster members.
To determine the membership probabilities of stars in the field of the cluster, we used a statistical method described in Table 4 . Photometric catalogue of 3962 stars detected in the field of cluster NGC 1960. Table is sorted in the order of increasing V magnitude. The error in magnitudes indicates the photometric error in the measurement. Column 1 gives identification number and columns 2 and 3 give right ascension and declination for J (2000) . From columns 4 to 8, we provide photometric magnitudes and corresponding error in the U BVRI passbands, wherever present. Full -Núnez et al. (1998) and Michalska (2019) . In this method membership probability of the i th star is defined as
Balaguer
where n c and n f are the normalized number of stars for cluster and field regions i.e. n c + n f = 1. The φ ν c and φ ν f are the frequency distribution functions for the cluster and field stars. The φ ν c for the i th star is defined as:
where µ xi and µ yi are the proper motions in right ascension and declination, respectively while ǫ xi and ǫ yi are the corresponding errors in the proper motions of i th star. Here, proper motion of the cluster center are µ xc and µ yc with dispersion σ xc and σ yc . Further we define
where µ x f and µ y f are the field proper motion with dispersion σ x f and σ y f . The correlation coefficient γ is defined as
From the VPD of the cluster, we considered 462 stars within the circle as probable cluster members and remaining 3500 stars as probable field members. We thus determined n c = 0.12 and n f = 0.88. We obtained the mean proper motions within the circular region as µ xc =-0.09 mas yr −1 and µ yc =-3.36 mas yr −1 with corresponding dispersion σ xc = 0.28 mas yr −1 and σ yc = 0.26 mas yr −1 . The mean proper motions of the probable field stars were found as µ x f =0.94 mas yr −1 and µ y f =-2.55 mas yr −1 with corresponding dispersion σ x f = 2.86 mas yr −1 and σ y f = 3.58 mas yr −1 . Using the above formulae, we estimated membership probabilities of all the stars lying within the cluster region except 91 stars which have no proper motion information available in the Gaia DR2 data.
Parallax criteria on membership selection
An additional check on our selection of cluster members is done through parallax measurements (ω) provided by the Gaia DR2 catalogue. In Figure 3 , we illustrate histogram of the parallax measurements of these 462 probable members. Here, we used only those stars for which error in parallax was smaller than 0.2 mas. The mean value of the parallax is derived by fitting a Gaussian profile on the histogram shown by a continuous line in the figure. The peak and standard deviation σ of the parallax distribution are found to be 0.83 mas and 0.05 mas, respectively as estimated from the best fit Gaussian profile.
Recently, Lindegren et al. (2018) reported a general offset in Gaia parallaxes by -0.029 mas though there is also some evidence that the offset increases for the distances larger than 1 kpc (Stassun & Torres 2018; Lohr et al. 2018 ). This has been further confirmed by many other surveys although with slightly different values (e.g., Schönrich et al. 2019; Zinn et al. 2019 ). Applying this offset to our estimate of mean parallax, we found a mean parallax of 0.86±0.05 mas which corresponds a distance of ∼ 1.17±0.06 kpc [(m − M) 0 = 10.33 ± 0.11 mag] for the cluster. Our estimate from Gaia DR2 thus suggests a slightly smaller distance for NGC 1960 than the distance of 1.32±0.12 kpc obtained by Sanner et al. (2000) , 1.31 kpc obtained by Kharchenko et al. (2005) and 1.33 kpc obtained by Sharma et al. (2006) ; Wu et al. (2009) .
To further isolate cluster members from the contamination of field stars, we used mean cluster parallax as a second check. We eliminated all those stars which deviate from the mean parallax by more than 3σ. We thus found 263 stars out of 462 stars which lie within this region. Interestingly, we found membership probabilities of all these stars above 60% except three stars for which membership probability lies in between 48 to 52%. As in some previous studies (e.g., Rozyczka et al. 2017) it was suggested that even if membership probability based on proper motions is slightly smaller but star has higher geometric probability (position with respect to cluster center) and photometric probability (location in the colour-magnitude diagram), the star could still be a cluster member. We therefore further examined these 3 stars on the basis of their spatial positions, locations in the (B − V)/V and (V − I)/V colourmagnitude diagrams and (U − B)/(B − V) colour-colour diagram. Two of these three stars are found to be good candidates for the cluster members. Therefore, we considered 262 stars as the cluster members which are used in the subsequent analysis. Table 5 . The photometric parameters given for 262 cluster members. Membership probability estimated through kinematic study is given in the last column. Figure 1 . The bin size is taken as 0.04 mas. The thick line represents the best fit Gaussian profile. The two vertical dotted lines exhibit 3σ cut-off limits around the peak value.
Mean proper motions of the cluster
To estimate the mean proper motions, we draw an histogram of proper motions of 262 cluster members in the x-and y-directions in Figure 4 . We fit a Gaussian profile in the distributions and mean value of the proper motion is estimated corresponding to the peak in the distribution. The mean proper motions in right ascension (μ x ) and declination (μ y ), respectively are found to bē µ x = −0.143 ± 0.008 mas/yr,μ y = −3.395 ± 0.008 mas/yr
The mean proper motion of the cluster is determined as (μ 2 x +μ 2 y ) 1/2 which is found to be 3.398±0.011 mas yr −1 . From the radialvelocity measurement of 114 stars computed from the Tycho-2 catalogue, Loktin & Beshenov (2003) estimated a proper motions of µ x = 0.99 ± 0.17 mas/yr andμ y = −3.96 ± 0.15 mas/yr for the cluster. Kharchenko et al. (2005) have also determined the mean proper motions for this cluster as 0.50 mas/yr and −4.94 mas/yr in RA and DEC directions, respectively. It is thus found that previous reported values in the literature were slightly overestimated.
The sample of cluster members in NGC 1960 is given in Table 5 which provides star ID, magnitude, colour, parallax, mean proper motions and membership probabilities for these stars and full catalogue is available online. Here, we also draw Schmidt -Kaler (1982) zero-age-main-sequence in the figure by a solid line. Lacking any prior estimate of the metallicity in the literature, we conservatively adopted a solar metallicity for the cluster. To determine the reddening, we primarily focus on those stars which have spectral type earlier than A0 as later type stars may be more affected by the metallicity and background contamination (Hoyle et al. 2003) . We found a reddening vector of E(U − B)/E(B − V) = 0.84 ± 0.02 in the direction of this cluster which is slightly larger than the standard reddening law of E(U − B)/E(B − V) = 0.72 given by Johnson & Morgan (1953) . From the visual best fit in the (U − B) vs (B − V) diagram, we estimated a reddening E(B − V) = 0.24 ± 0.02 mag. The photometric study of NGC 1960 by Sharma et al. (2006) suggested a nonuniform reddening across the cluster region which is apparent in the distribution of stars in the (U − B)/(B − V) diagram. Our reddening estimate is consistent with the 0.22 mag obtained by Sharma et al. (2006) and 0.25 ± 0.02 given by Sanner et al. (2000) but larger than 0.20 ± 0.02 mag determined by Mayne & Naylor (2008) . Assuming a standard reddening law, the colour-excess E(V − I) was estimated as 0.30 ± 0.02 mag using the relation E(V − I) = 1.25 × E(B − V) (Cardelli et al. 1989) .
Reddening in near-IR bands
Since NGC 1960 is a young open cluster and possibly still embedded in the parent molecular cloud, it would be more appropriate if we determine reddening in only near-IR bands. We therefore draw the (J − H)/(J − K) colour-colour diagram which is shown in Figure 6 . We also overplot Marigo isochrones of solar metallicity (Marigo et al. 2017 ) by shifting the line in the direction of reddening vector. A best fit was achieved by shifting E(J − H) = 0.07 mag with the ratio E(J−H) E(J−K) = 0.65 for the cluster. The reddening vector derived in the present study is slightly higher than the usual interstellar extinction ratio of 0.55 given by Cardelli et al. (1989) . E(B − V) can be estimated from the near-IR reddening using the following relation:
The reddening E(B − V) was determined as 0.23 mag for the cluster NGC 1960. It is thus found that the reddening E(B − V) derived from the near-IR photometry is in excellent agreement with the value derived from the optical photometry. Although there is some evidence of non-uniform extinction present in this cluster from the optical TCD but a consistent reddening measurement between the optical and near-IR bands suggests that non-uniform or differential extinction is not significant within the cluster.
Colour-magnitude diagrams and age determination
Colour-magnitude diagrams (CMDs) are the most effective tool to determine distance and age of the cluster provided we know the reddening in the direction of the cluster. As we have already determined precise distance of the cluster from the parallax measurements of the cluster members and reddening E(B − V) and E(V − I) from the TCDs, we now turn to the determination of age of the cluster through comparison of observed CMDs to the theoretical isochrones. In Figure 7 , we draw simultaneous (B − V)/V and (V − I)/V CMDs. Here, we do not consider those stars that have large photometric errors of eB > 0.10 mag and eV > 0.05 mag. The main sequence of the cluster is clearly evident in both CMDs which also implies that the membership selection based on the kinematic measurements is quite robust. We overplot Marigo's theoretical isochrones for solar metallicity (Marigo et al. 2017 ) on the CMDs by varying age simultaneously in both CMDs while keeping reddening E(B − V) = 0.24 mag and E(V − I) = 0.30 mag fixed as determined in Section 5.1.1. The distance modulus is also kept fixed to (m− M) 0 = 10.33 mag as obtained through Gaia DR2 parallaxes of the member stars. From the best visual isochrone fit to our CMDs with varying age to the blue edge of the stellar population of the main-sequence stars, we obtained log(Age/yr) = 7.44 ± 0.02 for the cluster NGC 1960. The CMDs show a well populated but broad main sequence that may be due to the presence of binary stars within the cluster or variable reddening which we have also noticed through the scattering in (B − V)/(U − B) diagram in Section 5.1.1. Therefore, to illustrate the binary effect, we also draw the same isochrones through red sequence by shifting 0.75 mag in Myr) for this cluster albeit with very large uncertainty. Though isochrone fitting is often used to estimate the age of the cluster in the absence of more valuable but lesser available spectroscopic observations but it should be kept in mind that determining precise age through isochrone fitting in clusters, when no evolved stars are found, is relatively difficult as it lends a larger uncertainty (e.g., Sagar et al. 2001) . Using the spectroscopic data, Jeffries et al. (2013) determined age of this cluster as log(t/yr)=7.34±0.08 (∼ 22 ± 4) for the cluster through the luminosity of the stars that have not yet consumed their lithium. Their age estimation is though slightly smaller in comparison of the other estimates which is not surprising considering lithium depletion boundary (LDB) is quite sensitive to the choice of evolutionary models . For example, Dahm (2015) reported an age of 112±5 for the Pleiades cluster using the LDB method which is well below the commonly found age of ∼ 125 Myr for this young cluster. Similarly, in a recent study by Martín et al. (2018) on the Haydes cluster applying the same approach, they provided a range of ages between 440 to 940 Myrs for the Haydes employing four different evolutionary models. 
Extinction law
Generally, normal reddening law is applicable when dust and intermediate stellar gases are absent in the line of sight of the cluster (Sneden et al. 1978) . However, reddening law is expected to be different in the presence of dust and gas. The (V − λ)/(B − V) TCDs have been widely used to see the influence of the extinction generated by the diffuse interstellar material from that of the intracluster medium (Chini & Wargau 1990) . We investigated the nature of reddening law towards the cluster direction using (V − λ)/(B − V) TCDs, where λ is R, I, J, H, and K bands. We illustrate the (V − λ)/(B − V) diagrams for the cluster members in Figure 8 . A best linear fit in the TCD for the cluster members gives the slope (m cluster ) in the corresponding TCD. The resultant values of the m cluster are listed in Table 6 along with their normal values. Our slopes are quite comparable with those obtained for the diffuse interstellar material which suggests a normal reddening law in the direction of the cluster region.
A total-to-selective extinction R cluster is determined using the relation given by Neckel & Chini (1981) as
R normal is known to be correlated with the average size of the dust grains causing the extinction. The typical value for R normal is 3.1 for the diffuse interstellar material in our Galaxy (Cardelli et al. 1989 ). Using R normal = 3.1, we determined R cluster in these five colours and given in Table 6 . The global mean value of R cluster is estimated to be 3.10±0.06 for the cluster NGC 1960 which is in excellent agreement with the normal extinction law in the direction of the cluster. This suggests that there is no discernible anomalous reddening in the cluster region. The basic parameters of the cluster NGC 1960 derived in the present study are summarized in Table 7 .
DYNAMICAL STUDY OF THE CLUSTER
In order to understand the dynamical behaviour of the cluster NGC 1960, the luminosity function, mass function and mass segregation process are examined in the following sub-sections.
Luminosity function
The luminosity function (LF) is defined as the total number of cluster members in different magnitude bins. However, estimation of LF using a complete sample of cluster stars is not straight forward, as many biases and uncertainties are involved in its determination (e.g., Luhman 2012; Offner et al. 2014) . For example, the data incompleteness increases with the fainter magnitudes. However, it is better than 90% up to 19 mag in SHA06 and it is further improved in the present catalogue as we added more photometric data to the central region of the cluster. Hence we assumed that the photometry presented here are not affected by the data incompleteness for the stars brighter than 19 mag which we considered to determine the LF. We found 229 cluster members between the magnitude limit 9 to 19 mag in the V-band. The LF was estimated in a bin width of 1 mag. We estimated the mass of each star photometrically by comparing its colour and magnitude from the theoretical isochrones of solar metallicity (Marigo et al. 2017) for the estimated log(t/yr) = 7.44, extinction E(B − V) = 0.24 mag, and (m − M) 0 = 10.33 mag. The mass for each cluster member was determined from its nearest neighbour on the selected isochrones. In Table 8 , we provide mass range, mean mass and cluster members in different brightness range for the cluster.
The present-day mass function
The initial mass function (IMF), i.e. the frequency distribution of stellar masses at the time of birth, is a fundamental parameter in the study of star formation and evolution in the cluster. It represents the distribution of stellar masses per unit volume in a star formation event and knowledge of IMF is very effective to determine the subsequent evolution of the cluster. The direct measurement of IMF is not possible due to dynamical evolution of stellar systems though we can estimate the present-day mass function (MF) of the cluster.
Since the age of the cluster NGC 1960 is relatively young (∼ 27 Myr), the present-day MF can be considered as IMF (Kumar et al. 2008) . The MF is defined as the relative numbers of stars per unit mass and can be shown by a power law N(log M) ∝ M Γ . The slope, Γ, of the MF can therefore be determined as
where N log(m) is the number of stars per unit logarithmic mass. In last two columns of Table 8 , we provide MF and corresponding error for different magnitude bins. The MF in the cluster fitted for the main-sequence stars with masses 0.72 ≤ M/M ⊙ ≤ 7.32 is shown in Figure 9 . The error bars are determined assuming Poisson statistics which shows considerably large value due to lower number of stellar counts in each bin. The MF slope is found to be -1.26±0.19 with a Pearson correlation coefficient of 0.96. The quoted uncertainty in the MF slope come from the linear regression solution in the fit. In the present estimation of MF, the effect of field star contamination is considered to be negligible due to fact that only cluster members are used in the study. Our estimated MF slope is in excellent agreement with the Salpeter MF slope of -1.35 (Salpeter 1955) . However, Sharma et al. (2008) reported a stepper MF slope (Γ=−1.80±0.14) in this cluster for the narrower mass range of 1.01 < M/M ⊙ < 6.82 relying on the approach based on the statistical subtraction of stars to find the probable cluster members.
To further probe the mass segregation in the cluster, we investigated the radial variation in the mass function slope. We determined MF values for two separate regions containing central region up to 5 ′ from the cluster center and outer region in between 5 ′ to 14 ′ which contains 138 and 97 stars, respectively. In Figure 10 , we illustrate MF variation in these two regions separately. The estimated slopes of the MFs in the inner and outer regions are given at the right corner of each plot in Figure 10 . The mass function slopes differ from each other by more than 1σ, where σ is the error associated with the slope. As can be seen from the figure, the MF slope in the inner region is clearly flatter than the outer region while overall MF slope is in remarkable agreement with the Salpeter value. This again suggests that the mass segregation process is taking place in the cluster.
Dynamical evolution
The dynamical evolution of a star cluster is primarily characterised by the mass segregation, tidal radius, crossing time, and relaxation time which are briefly discussed below.
Mass segregation
The dynamical evolution gradually drives the system towards equipartition resulting the low mass stars attaining higher velocities hence occupying larger orbits around the cluster center (Mathieu & Latham 1986 ). This process, commonly known as mass segregation, results in accumulating more massive stars to the core and low-mass stars to the peripheral region of the cluster. Finally, low-mass cluster members, which acquire large enough velocity from the equipartition of energy, are escaped away from the cluster's tidal field resulting change in the morphology of the spatial mass distribution in the cluster (Sagar et al. 1988 ).
To study the mass segregation in the cluster NGC 1960, we draw the variation of cumulative number in Figure 11 for the cluster members along the radial distance in three different mass bins of M/M ⊙ ≤ 1.1 (92 stars), 1.1 < M/M ⊙ ≤ 1.5 (64 stars), and M/M ⊙ > 1.5 (81 stars). The mass ranges are selected in order to get enough statistical sample in each bin. From the radial variations of stars in these three mass bins, it is quite evident that the massive stars are dominant in the core of the cluster while low mass stars are distributed in the outer region. This result agrees with the theoretical expectations of mass segregation effect within the cluster. We also performed Kolmogorov-Smirnov (K-S) test of these distribu- Figure 10 . Same as Figure 9 but for the regions between 0-5 arcmin (inner region) and 5-14 arcmin (outer region) from the cluster center. Figure 11 . The variation of cumulative distribution of cluster members in radial bins relative to the cluster center. The distribution is estimated for three different mass ranges as given at the top of the plot along with total number of cluster members in each mass bin. tions to examine whether they are statistically different or not and conclude with 95% confidence level that mass segregation effect in the cluster NGC 1960 is present.
Tidal radius
The study of tidal interactions in the open clusters plays an important role in understanding the initial structure and dynamic evolution of the clusters (Chumak et al. 2010; Dalessandro et al. 2015) . The tidal radius is described as the radial distance from the cluster center where gravitational acceleration caused by the cluster is almost equal to the tidal acceleration caused due to the Galaxy (von Hoerner 1957). It is believed that the stars are generally gravitationally bound to the cluster within the tidal radius due to effective potential of the cluster. Kim et al. (2000) provided following relation to determine tidal radius
Where R t is the tidal radius, M C is the total cluster mass and M G is the mass of the Galaxy within the Galactocentric radius R G . Given the uncertainties in the actual masses and extent of the clusters, tidal radii are often poorly determined. Using the cluster Galactic positions and distance, we obtained the Galactocentric distance of the cluster NGC 1960 as R G = 9.25 kpc. Here, R ⊙ , the distance between the Sun and the Galactic Centre, is considered as 8.0±0.3 kpc (Honma et al. 2012; Camarillo et al. 2018 ). It is difficult to estimate an accurate value of M C without identifying all the low-mass members. Nonetheless, we can still make a relatively good estimate from our data because we identify cluster members down to V = 20.65 mag having mass as low as 0.49 M ⊙ . Using the 262 main-sequence stars within 0.49 ≤ M/M ⊙ ≤ 7.32 obtained in the present analysis, M C is estimated to be ∼ 416.7 M ⊙ which yields a mean stellar mass of ∼ 1.6 M ⊙ . Employing the relation given by Genzel & Townes (1987) , M G was estimated to be ∼ 1.57×10 11 M ⊙ . Using the above given relation, we obtained the tidal radius as 10.1 pc. Any star beyond this radius would be gravitationally unbound to the cluster NGC 1960. Piskunov et al. (2008) reported a slightly larger value of tidal radius as R t = 10.6 ± 1.6 pc for the cluster. This is well understood since they used a larger Galactocentric distance for the Sun which consequently has increased their assessment of tidal radius.
Cluster half-radius and Crossing time
The cluster half-radius, R h , is defined as the radius within which half of the total cluster mass lies. Sometimes it is also called halfmass radius. To determine R h , we estimated cumulative mass of the stars by increasing radial distance from the cluster center. We select the radial distance where we found half of the total cluster mass. This results a R h of 6.5 arcmin for the cluster which corresponds to a linear radius of 2.26 pc. As we earlier obtained a cluster radius of 4.90 pc for NGC 1960, the cluster half-radius is found to be slightly smaller but comparable in comparison of the half of the cluster linear radius. The crossing time (t cr ) defined as a time in which a star with a typical velocity travels through the cluster under the assumption of virial equilibrium: , Spitzer 1987; Lamers et al. 2005) where R h is the half-mass radius, M c is the total cluster mass and G is the gravitational constant. We determined t cr =3.50 Myr for the cluster NGC 1960. For a cluster having an age of ∼ 27.5 Myr, this corresponds to ≈ 8 crossings since the formation of the cluster. It is generally believed that after several crossing times, the cluster obtains a virial equilibrium (e.g., Allison 2012) and becomes dynamically relaxed.
Relaxation time
The dynamical relaxation time, T E , is the time in which individual cluster members exchange energies and their velocity distribution approaches Maxwellian equilibrium. The T E corresponds to the time over which the cumulative effect of stellar encounters becomes comparable to the star's velocity itself (Dotti & Fernández Tío 2019) and can be expressed as
where N is the total number of cluster members, R h is the halfradius (in parsecs),m is the mean stellar mass (in solar units) and T E is the relaxation time in Myr (cf., Spitzer & Hart 1971) . Considering the mean stellar mass of 1.6 M ⊙ and cluster half radius of 2.26 pc, we obtained dynamical relaxation time T E = 19.2 Myr for the cluster NGC 1960 which is very close to the present cluster age of about 27 Myr. The star clusters generally become dynamically relaxed after few relaxation times Sharma et al. (2008) . However, a half-mass radius comparable to the half of the cluster radius besides relaxation time comparable to present cluster age suggest that NGC 1960 is not completely dynamically relaxed as yet and mass segregation is still an ongoing process in the cluster.
A summary of the parameters obtained in the present study from the dynamical study of the cluster NGC 1960 is given in Table 9.
IDENTIFICATION OF VARIABLE STARS
As stated in Section 3, we accumulated 235 frames in the V band on 43 nights for the central 13 ′ × 13 ′ field of the cluster NGC 1960. We used this time-series photometric data to search for the variable stars in the cluster. Though we identified 3962 stars within 14 ′ radius of the cluster, we found only 1386 stars in the central 13 ′ × 13 ′ target field of the ST. It should be noted here that due to varying sky conditions during various observing runs, and different exposure times in different frames, not all the stars could be identified in all the frames. As we have carried out absolute photometry on the night of 30 November 2010, we converted instrumental magnitudes of the stars into the corresponding absolute magnitudes on each night by applying the necessary photometric corrections as following.
where V and v are the photometric magnitude on the night of standardization and instrument magnitude of the same star on the target frame. In each frame, we considered more than 100 stars. The coefficients a and b in each frame were calculated by a least square linear fit using the non-saturated stars brighter than 15 mag. Here, the color term was not used as it was found to be insignificant. We then searched for the stellar variability in 1386 stars by looking for the magnitude variations over entire monitoring period.
It was noticed that due to changes in observing conditions during our observations, there was a large variation in the data quality of the photometric light curves. Before analysing variable stars, we therefore carefully eliminated possible outliers from the photometric data. In few cases, some points were removed on the basis of extreme excursions from the mean value. We considered only those stars which fall within 10 pixels from the edge of the target image and present in more than 50 images.
Periodic variables
In order to search for periodic variables, the time-series V band magnitudes of all the 1386 stars were subjected to the periodicity analysis. We used Lomb-Scargle algorithm (Lomb 1976; Scargle 1982) within the software PERIOD04 (Lenz & Breger 2005) , especially dedicated to the statistical analysis of large astronomical time series data containing gaps and to extract the individual frequencies from the multi-periodic content of the time-magnitude variation. This method computes the Fourier power spectrum by fitting sine and cosine terms over a large number of frequencies in the given frequency range. Only stars that lied within V < 19.5 were considered for the variability search since photometric magnitudes have relatively large errors towards the fainter end. It is noticed that many spurious variables were also detected with periods in harmonics of 1 sidereal day i.e. at period of 1 sidereal day/n where n=2,3,4,.... We also did not consider those periodic variation where amplitude variation was smaller than the mean uncertainty in the data points.
Phase for each potential variable star was calculated using the following equation:
Where JD is the time of observation, JD 0 is an arbitrary epoch of observation. All the periodic variables were checked by reviewing the phase folded light curves created with their periods. The light curves of only those variables were identified that showed a good periodic brightness variation over the entire phase. After our final analysis of light curves, we selected a total of 72 stars in our target field as periodic variables having a wide range in brightness from V=9.1 mag to 19.4 mag. They have period ranging from 41 minute to 10.74 day. A binned phase folded light curve was constructed by producing an average of the magnitude and error from the multiple data points within 0.02 phase bins. In Figure 12 , we draw phase folded light curves to illustrate the periodic nature of these 72 variables. In some of the variables, occasional points are scattered away from the periodic cycle which could be due to poor observing conditions. It is evident from the figure that most of these variables show low-amplitude periodicity of the level of few tens of milli-mag. The main characteristics of the variable stars are listed in Table 10 which gives identification number, their celestial coordinates, period and type of variability. We give their intensity averaged mean magnitude and amplitude of brightness variation in V band. The variables are arranged in order of increasing period. Since B magnitude of all the stars could not estimated in the present photometry, (B − V) colour of some of the variables could not be ascertained.
Irregular variables
Some stars found in the cluster field seem to show irregular brightness variation in our observations. On careful inspection, we found variability in four such stars for which we could not determine the period. Either they are long-period variables or their periodic nature could not be ascertained unambiguously due to our intermittent observations. Such variables are assigned as irregular variables. Among them, only two stars are classified as the cluster members. In Figure 13 , we show time-magnitude diagrams of these four stars. Their positions, V magnitude, (B−V) and (V − I) colours along with amplitude in V band are listed in Table 11 . These stars show a variation of brightness between 0.3 mag to 1.3 mag during a short span and could be eruptive variables which lasts from tens of seconds to tens of minutes, and then returns to its normal level of brightness on timescales of tens of minutes or hours (e.g., Chang et al. 2015) . On the other hand, some of the variations could be due to multi-periodicity pulsation in the star. We need further observations of these kind of variables over some period of time to understand about their physical nature.
In Figure 14 , we provide a finding chart of a ∼ 13 ′ ×13 ′ V band CCD frame obtained in our observations, wherein the locations of 76 variable stars identified in the present study are marked by the circles. This manifest that most of the variables are found to be located in the central region of the cluster.
CHARACTERIZATION OF VARIABLE STARS
Barring one, all the variable stars identified in the present study are newly discovered variables. Therefore, we first determine their physical parameters before characterize their nature.
Physical parameters of cluster variables
To check whether variable stars identified in the present study are associated with the cluster, we cross-checked them in the list of cluster members given in Table 5 . Out of the 76 variables identified in the present study, only 22 of them belong to the cluster and remaining 54 belong to field stars population lying in the direction of cluster region. Among 22 variables found in the cluster, 20 are periodic variables. As NGC 1960 is a populous cluster field in the Galactic plane, it is not surprising that many variables detected by us are actually field stars.
As all the 20 variables fall in the main-sequence of the cluster, we determined their physical parameters using the well known relations. The intrinsic magnitude and color of the cluster variables are determined using the distance modulus (m − M) 0 = 10.33 mag and extinction E(B − V) = 0.24 mag as estimated in Sect. 5. The effective temperature T e f f of the star was determined from (B − V) 0 using the relation given by Torres (2010) . For two stars, (B − V) 0 was not available so we transformed (V − I) 0 to (B − V) 0 using the standard colour equation. We estimated bolometric magnitude, M bol , of each star using the relation M bol = M V + BC where BC is the bolometric correction that was estimated using the T e f f . The luminosity of the variable stars were estimated using the relation log (L/L ⊙ ) = −0.4 (M bol − M bol ⊙ ) where M bol ⊙ is the bolometric magnitude of the Sun which was taken as 4.73 mag (Torres 2010) . The parameters, luminosity [log (L/L ⊙ )], bolometric magnitude (M bol ), effective temperature (T e f f ) and bolometric correction (BC), estimated for the 20 periodic variables assigned as cluster members are listed in Table 12 . Stellar masses of these peri- Figure 12 . The phased light curves of 72 periodic variables found in the field of NGC 1960. The star ID is given at the top of each individual light curve. Phase is plotted twice and in such a way that the minimum brightness falls near to zero phase. Table 10 . The details of the 72 periodic variables found in the cluster NGC 1960. The variable stars identification are sorted in the order of increasing period. The columns give variable sequence, cluster ID, X, Y, RA, DEC, V band mean magnitude, (B − V) and (V − I) colours, period, uncertainty in period, amplitude of variation in V band, and epoch of minimum light (JD-2450000). Last column gives the membership status of the variable star. Figure 13 . The time-magnitude variation of four irregular variables found in this study. odic variables have been determined by placing each object on the colour-magnitude diagram and comparing their positions with the mass tracks of Marigo's theoretical isochrones for solar metallicity (Marigo et al. 2017) . In Table 12 , we give derived masses of these stars where most massive variable star in the cluster is found to have a mass of ∼ 7M ⊙ .
H-R diagram and classification of the cluster variables
The CMD is very useful in separating different class of variable stars. In Figure 15 , we show the position of these 20 periodic variables belonging to the cluster in the temperature-luminosity H-R diagram. Here, we also draw theoretical isochrones of Marigo et al. (2017) as discussed in Sect. 5.2. If we examine the locations of these 20 variable stars in the H-R diagram of the cluster, we found that all of them nicely fall along the main-sequence except two or three stars which seems to be reddened cluster members. In Figure 15 , we also show the positions of various instability strips in the H-R diagram. The theoretical instability strips for δ-Scuti, γ-Doradus stars and slowly pulsating B stars (SPBs) are shown by continuous, dashed, and dotted lines, respectively taken from Balona et al. (2011a) , and references therein. In order to understand nature of these 20 periodic stars, we assessed the classifications of variable stars by comparing their phase-folded light curves to the exemplar light curves for different class of variable stars. We examined the nature of their variability based on the primary observational properties such as shape of their light curves, periodicity, broad magnitude ranges, spectral classes, amplitudes of the variability and locations in the H-R diagram to the extent possible. When we inspect positions of 20 cluster variables within various instability strips in the H-R diagram as drawn in Figure 15 as well their distinguish characteristics, we classify (i) 2 δ-Scuti stars, (ii) 3 γ-Doradus stars, (iii) 2 SPB stars, (iv) 5 rotational variables, (v) 2 non-pulsating stars, and rest 6 stars as miscellaneous class of variables which do not fall in any particular category. In the following subsections, we individually describe the nature of each variability class. 
δ-Scuti variables
δ-Scuti stars are p-mode pulsating variables with period smaller than 0.3 day. They belong to spectral type between A2 to F2 and locate within the δ-Scuti instability strips. We found two stars, V27 and V35 in the cluster whose characteristics are similar to δ-Scuti variables. The variable V35 is located in the middle of the blue and red edges of δ-Scuti instability strip. However, V27 is close to the cool border of δ-Scuti instability strip which also overlaps with the γ-Doradus instability strip. However, it has very low period of about 0.208 d which makes it an ideal candidate for the δ-Scuti pulsator. However, one cannot rule it out V27 as a possible δ Scuti-γ-Doradus hybrid variable as many such hybrid candidates are already known in the open clusters (e.g., Hartman et al. 2008; Joshi et al. 2012) and they offer vital constraints on the stellar structure due to their simultaneous existence of two different pulsations modes.
γ-Doradus variables
γ-Doradus are multi-periodic variable star pulsating in the gmodes. These are typically young, early F or late A type mainsequence stars with periods in the range of about 0.3 to 3 day and brightness fluctuations ∼ 0.1 mag (Balona et al. 2011b) . They fall in a fairly small region in the γ-Doradus instability strips which is typically below the δ-Scuti instability strip though some portion of the instability strips of these two classes overlaps. On the basis of physical characteristics of 20 cluster variables and their position in the H-R diagram, we found three stars V60, V62 and V63 which belong to the class of γ-Doradus variables. Though these three stars lie very close to the blue edge of the δ-Scuti instability strip, but their high period in excess of 0.56 day suggest that they could be γ-Doradus star.
Slowly pulsating B type stars
SPB stars are pulsating stars having periods 0.5 day up to a few days. Their instability strip in the H-R diagram is shown by the dotted line in Figure 15 . These are two bright stars, V53 and V58, having brightness more than 10.8 mag and temperature larger than 10000 K falling within the region of SPB instability strips and we classified them as SPB stars.
The brightest star in our catalogue of variables is V53 which is a well known bright star BD +34 1113 in the SIMBAD and reported to be an eruptive variable in the GCVS catalogue. In our study, the bolometric magnitude of this star comes out to be about -3.73 mag with an effective temperature of ∼ 20,000 K which confirms its designated spectral type by of B2Ve by Smith & Jeffries (2012) who found very high-level of IR-excess in this star. V53 is reported to be a variable in the Hipparcos data with a period of 16.86 day in the AAVSO catalogue. Though star got saturated in most of our frames but on the basis of 43 data points where magnitude of this star could be determined, we found a periodicity of 0.597 day having an amplitude of 0.06 mag. Its small period, high temperature and location in the SPB instability strips suggests that this star is indeed a SPB star.
Rotational variables
Stellar rotation and magnetic activity are normally associated with a main-sequence star of G or later spectral type. These stars are characterized by small amplitude, typically less than 0.1 mag and red in colour (B − V) 0 > 0.5 mag. To identify the rotational variables in the present study, we first identify those cluster members which have late-type spectral class. Among 20 cluster members which show periodicity in the present study, 5 stars are found to have (B − V) 0 redder than 0.5 mag and show less than 0.10 mag brightness variations in V band. We characterize them as rotational variables. It is very much possible that periodic variation of these 5 stars are due to cool photospheric spots whose brightness is modulated by the stellar rotation. The number of cool spots in these stars is related to their surface magnetic field. It is reported that the level of magnetic activity is larger in young clusters (Messina et al. 2010) . As NGC 1960 is a young cluster having an age of about 27 Myr, it is not surprising that many stars in the cluster are found to be rotational variables. 
Non-pulsating variables
We found two bright B type stars V40 and V41 between the cool edge of the SPB and the hot edge of the δ-Scuti instability strips and found to have similar properties like period (∼ 0.3 day), amplitude (∼ 0.02 mag) and mass (∼ 2.6 M ⊙ ). We classify these stars as nonpulsating variables as suggested by Balona et al. (2011a) . The origin of this grouping as non-pulsating variable is not clear, but may be related to the rotation. On the basis of such stars found between the β-Cep and SPB instability strips in the Kepler data, Balona et al. (2011a) suggested some of them may be binary stars. In young open clusters NGC 3766 and Stock 8, Mowlavi et al. (2013) and Lata et al. (2019) have also found a large population of new variables between SPB and δ-Scuti stars, the region where no pulsation mechanisms were expected on the basis of theoretical evolutionary models.
Miscellaneous variables
There are some periodic stars which could not be classified in any particular class of variables on the basis of their estimated parameters and phased light curves. We found six such variables in the cluster namely V39, V42, V46, V49, V52 and V71 which are classified as Miscellaneous variables in the present study and marked as Misc in Table 12 . While first five stars are relatively faint, the variable V71 is quite a bright star lying in the region between the instability strips of the δ-Scuti and SPB stars.
Eclipsing binaries
On the basis of phased light curves of 72 periodic variables, we identified only star having ID V47 as eclipsing binary system (EBs). This star with a rotation period of 0.4717 day clearly shows two eclipses with different depth. Classical approach of frequency analysis does not succeed to extract true period of EBs, so we es-timated period of V47 from the eclipse minima and by the visual inspection of the phase diagram for the multiple periods. According to the variability type listed in the Moscow General Catalog of Variable Stars (GCVS), we classified V47 as W UMa eclipsing binary star. The star is found to belong field population according to its membership probability (p = 0.01) given in Table 4 . As it is not possible to do a detailed analysis of V47 in the present analysis, a follow-up paper is in preparation that includes modelling of its photometric light curves and spectroscopic analysis in order to determine its physical parameters and examination of stellar spots. It should be noted that many EBs might have been escaped from our detection due to short time base and low duty cycle, particularly when most of the photometric variations we detected are extremely low amplitudes.
DISCUSSION AND CONCLUSIONS
The cluster parameter based on the photometric analysis may be subject to selection bias as many genuine cluster members are left out from the sample. Though lack of the identification of true members may not have much effect on the determinations of parameters like reddening, age, distance modulus and metallicity but imparts significant impact on the dynamical study of the cluster like mass segregation, relaxation time, and half cluster radius. It is however extremely difficult to extract all the genuine members of a cluster on the basis of photometric observations due to their identification issue. On the other hand, cluster membership assignments based on the kinematic studies have always been considered more reliable than those obtained through the photometric analysis.
In the present study, we performed an extensive photometric and kinematic investigation of a relatively young open cluster NGC 1960. We made a multi-band photometric catalogue of 3962 stars in the cluster by supplementing our U BVRI data with the SHA06 photometric data along with the archival photometric, near-IR and kinematic data. We determined membership probabilities of the stars based on their kinematic data provided by the most accurate proper motions catalogue produced till date through the Gaia DR2 survey. As membership probabilities cannot be sole criteria to identify the true cluster members, we further used stellar parallaxes to isolate cluster members. The precision of the Gaia DR2 proper motions coupled with the strength to distinguish cluster members through its parallax measurements allowed us to isolated cluster members quite remarkably. We found a total of 262 stars which belong to the cluster NGC 1960. This number is relatively low in comparison of the total number of stars found in the target field. However, it is not surprising as the cluster lies very close to the Galactic mid-plane (b ≈ 1 deg) due to which Galactic field star population is very dominant in the target field. We obtained a mean cluster parallax of 0.86±0.05 mas, excluding the stars showing large errors (eω > 0.2) in their parallax measurements. This corresponds to a mean distance of ∼ 1.17±0.06 kpc and distance modulus of (m − M) 0 = 10.33 ± 0.11 mag. The mean proper motion of the cluster was determined to be -0.143±0.008 mas/yr and -3.395±0.008 mas/yr in the direction of RA and DEC, respectively. On the basis of (U − B)/(B − V) colour-colour diagram, the reddening E(B − V) was estimated as 0.24±0.02 mag in the optical bands which was found to be 0.23 mag in the near-IR data, in agreement with the optical reddening. Since NGC 1960 shows some signature of differential extinction across the cluster region in its (U − B)/(B − V) diagram, it indicates that the cluster may still be embedded within the parent molecular cloud. We estimated an average total-to-selective extinction ratio as 3.10±0.08 that is in excellent agreement to the normal value. However, colour-excess ratio E(U − B)/E(B − V) is found to be slightly higher than the normal one. Our measurement of reddening gives a visual extinction of A V = 0.74 ± 0.08 mag in the direction of the cluster. Exploiting prior knowledge of reddening through colour-colour diagram, and distance through the parallaxes of cluster members, we determined the age of the cluster through the colour-magnitude diagrams. We obtained an age of 27.5 +1.3 −1.2 Myr for the cluster NGC 1960 by visually fitting a recently available solar metallicity isochrones of Marigo et al. (2017) .
Since our observations are complete up to 19 mag, we constructed the luminosity function up to this brightness limit only which then converted into the mass function. The mass function slope (MF slope) in the cluster was determined for the stars in the mass range 0.72 ≤ M/M ⊙ ≤ 7.32 and MF slope was found to be Γ = −1.26 ± 0.19 which is nearly equal to the Salpeter value of Γ = −1.35 in the solar neighbourhood. This is well expected considering the cluster NGC 1960 is relatively young and dynamical evolution has not changed the primordial MF in a significant way. Our result of MF slope consistent with Salpeter value further validates the universal IMF in the Milky way, even though star clusters have a wide range of properties across the Galaxy (e.g., Colman & Teyssier 2019) . We also constructed mass function slopes for the inner and outer regions, and observed that the slope is flatter in the inner region than in the outer region, suggesting an ongoing mass segregation process in the cluster. The relaxation time of the cluster was found to be smaller than its age which implies that the cluster is not yet dynamically relaxed. Using the 262 members stars for which V magnitudes are available down to 20.7 mag, we derived a total cluster mass of ≈ 417 M ⊙ with a mean stellar mass of ≈ 1.6 M ⊙ . Although our selection criteria retrieves most of the cluster members, we still emphasize that the estimated cluster mass could be a lower-limit to the actual total mass of the cluster and mean mass of 1.6 M ⊙ be considered as upper limit of the stellar mass for the same reason.
The photometric and kinematic studies of NGC 1960 have been done extensively in the past, however, no variability study was performed on this cluster so far. As search for variable stars is one of the primary goal of our ongoing survey, we carried out a longterm observations of the cluster NGC 1960 in the V band. We monitored the central 13 ′ × 13 ′ region of NGC 1960 on 43 nights over a period of more than three years. As we found out 1386 stars in the target field, the search for the variability among these stars has been performed. Through the present survey, we have first provided time-series V band photometric analysis of 76 variable stars, all of them newly detected except one. The variables range in V-band magnitudes from 9.1 mag to 19.4 mag. Among 76 stars detected in the present study, 72 stars are found to be periodic variables with a period range of 41 minutes to 10.74 days. Majority of these stars are short-period variables having period smaller than 1 day. We could not detect any variable with period longer than 10.74 days because of the large gaps between the observing cycles. Most of the short period variables have relatively small amplitudes and we could retrieve amplitude of light variability down to the 0.02 mag level. Out of 72 periodic variables, 20 are identified as cluster members therefore we could obtain their masses, effective temperatures, and bolometric luminosities. Two of the cluster members show irregular variability similar to stellar flares but data is insufficient to visualize any conclusive characteristics. Rest of the 54 variables are identified as field stars population lying in the direction of the cluster. The light curves analysis of 20 cluster variables along with the estimated characteristic parameters suggested that 2 of them may belong to δ-Scuti stars, 3 could be γ−Doradus type stars, 5 as rotational variables, 2 as SPB stars, and 2 non-pulsating B stars. We could not classify 6 stars in any specific category and characterized them as miscellaneous variables. We also found one star V47 as W UMa eclipsing binary star belonging to the field stars population. We compared our catalog of variable stars with the variables listed in the AAVSO International Variable Star Catalogue (Watson et al. 2017 ) and found only one common variable which is identified as BD+34 1113 in the SIMBAD. On the basis of Gaia DR2 kinematic data, this star belong to the cluster NGC 1960 and we classified it as a slowly pulsating B type star in the present study.
